The claimed low production of CH 4 by kangaroos and marsupials in general has been questioned because of a lack of data. The extent of their CH 4 production is of interest both from the point of view of discussing meat production of marsupials and as a basis for developing methods to reduce CH 4 production from ruminants. In the present experiment, the CH 4 production of 8 red-necked wallabies (Macropus rufogriseus) was measured of which 4 were fed 2 different diets in an open-circuit respiration chamber. These results were compared with a newly developed, inexpensive, and simple method that does not influence the behavior of the animal, and where the ratio between CH 4 and CO 2 is measured and used together with the calculated CO 2 to quantify the CH 4 production. The experiment demonstrated that the wallabies produce CH 4 . However, the amount of CH 4 produced by these wallabies was between 1.6 and 2.5 L/d equivalent to 1.6 and 2.5% of GE or 2.2% and 3.5% of DE intake and 0.22 L/BW, kg 0.75 . This is between 25 and 33% of what can be expected from ruminants fed the same diet. Based on the uneven release of CH 4 with time, it is most likely that the CH 4 is excreted through flatulence and not through breathing as is seen in ruminants. The experiments also showed that a reasonably accurate determination of the CH 4 production of a group of animals can be obtained by simply measuring the CH 4 / CO 2 ratio over a limited time span. This may represent the situation in a natural setting better than measurements in a respiration chamber. It was found that the CH 4 /CO 2 ratio in itself represents a reasonable prediction of the proportion of feed GE that is lost as CH 4 , and that this method offers new opportunities for CH 4 measurements on a large number of animals.
INTRODUCTION
Methane production of different animals has been under recent scrutiny mainly because CH 4 is a potent greenhouse gas, but also because CH 4 represents a loss of energy from feed that could have been used by the animal. Ruminants are the animals with the greatest CH 4 production, and intensive research is ongoing to investigate if CH 4 production from these animals can be reduced. As kangaroos have been claimed to produce much less CH 4 than ruminants (Kempton et al., 1976) or not to produce CH 4 at all (Maguire and Ouwerkerk, 2008) , it has been proposed that humans should change their eating habits by eating macropod meat instead of beef. However, the low production of CH 4 by kangaroos and marsupials in general has been questioned and needs to be confirmed (Wilson and Edwards, 2008) .
Ruminant CH 4 production has traditionally been measured on individual animals in respiration chambers (Chwalibog et al., 2004) . Experiments with respiration chambers are expensive and time consuming, and constraining the animal in a chamber might affect animal behavior and digestion as well as being uncomfortable for the animal. Moreover, measurements can only be made on a few individual animals and not groups of animals in their natural environment. Therefore, other methods for individual measurement of CH 4 production have been developed. The most widely used is the SF 6 method (Grainger et al., 2007) . This method has given reasonable results, but with large variations (Pinares-Patino and Clark, 2008) . Moreover, SF 6 is a strong greenhouse gas, and its use has been banned in several countries.
The purpose of the present investigation was 1) to determine the CH 4 production of red-necked wallabies (Macropus rufogriseus), and 2) to compare conventional measurements of CH 4 production in an open-circuit respiration chamber with a newly developed, inexpensive, and simple method that does not influence the behavior of the animal .
MATERIALS AND METHODS
The study was noninvasive and supervised by a zoo veterinarian. No additional permissions were needed.
Animals
The animals used in the experiment were captivebred adult red-necked wallabies weighing from 13.5 to 20.0 kg (mean = 16.0; SD = 2.2).
Experimental Design
The experiment was divided into 3 studies (Table  1) . In study 1, four wallabies on grass pasture were individually placed in a respiration chamber for 24 h and fed grass hay. In study 2, the same 4 wallabies plus an additional 4 wallabies were fed a concentrate mixture and grass hay according to calculated requirements for 7 d before they were placed in the respiration chamber, individually, for 24 h. An open-circuit respiration chamber was employed for studies 1 and 2. In study 3, the ratio between CH 4 and CO 2 was calculated based on only 20 min of continuous measurements of the concentration of CO 2 and CH 4 in the wallaby house at Copenhagen Zoo. Approximately 30 wallabies shared the house and surrounding grazing area, and about 10 wallabies were present in the house while the measurements were taking place. The house was naturally ventilated through windows and door and had a CO 2 concentration of approximately 2,000 ppm (on a volume basis, equivalent to 3,000 mg/kg of air), which is considered sufficiently low in relation to fresh air and sufficiently high to use the method. The air temperature was between 10 and 20°C.
Feeding
In study 1, the wallabies were grazing in the period before measurements and were offered grass hay during the 24 h of measurements. The composition and intake of the grass pasture and grass hay were not known, but the intake of grass hay during the 24 h of air measurements did not meet the energy requirements of the animals. In study 2, the wallabies were only offered a measured diet for 7 d before the experiment as well as during the 24 h in the respiration chamber. This diet met their calculated maintenance requirement and consisted of an average for each animal of 100 g of concentrate and 250 g of grass hay ( Table 2 ). The wallabies ate all the concentrate but only approximately 50% of the grass hay offered. This resulted in an energy intake of only about 70% of their calculated requirement. The requirements of ME for maintenance were calculated based on the heat production of 385 kJ/BW, kg 0.75 , measured on wallabies by Munn and Dawson (2003) . In study 3, the wallabies had access to grass pasture when the measurements were carried out.
Measurements and Calculations
Method a: Use of Open-Circuit Respiration Chamber. Animals were placed in an open-circuit respiration chamber (100 × 60 × 80 cm) and supplied with water, grass hay, and concentrate. Methane and CO 2 concentrations in the air were measured with a portable air-sampler and analyzer (Gasmet 4030, Gasmet Technologies Oy, Helsinki, Finland) based on Fourier transformed infrared detection (Teye et al., 2009 The CO 2 and CH 4 concentrations measured in the wallaby house when more than 10 wallabies were present. The CO 2 production was calculated from feed intake and energy metabolism. From feedstuffs table (Møller et al., 2000) .
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CA) was used to measure the airflow. Both the Gasmet 4030 equipment and the airflow meter were calibrated from the factory and validated against open air circuit equipment at Aarhus University, Denmark. The same equipment was used for all measurements of CO 2 and CH 4 in both outside air, in the chambers, and in the wallaby house. The calculated production of CO 2 and CH 4 and the ratio between CH 4 and CO 2 in the gas produced by the wallabies were calculated by subtracting the average atmospheric concentration of 380 ppm of CO 2 and 1.8 ppm of CH 4 from the measured concentrations and then multiplying by the air flow. The actual concentrations of CH 4 and CO 2 in inlet air only deviated slightly from the average atmospheric concentrations used. The calculations were performed on each reading, which were taken every 20 s. Method b: Use of the CH 4 /CO 2 Ratio in the Wallaby House. Measurements of CH 4 and CO 2 concentrations were made for 20 min in the semi-open wallaby house in Copenhagen Zoo, where wallabies stayed part of the time when not grazing. The ratio between CH 4 and CO 2 was calculated after correction for the content in the natural air. Absolute values for the CH 4 production were calculated using the ratio between the concentration of CH 4 and CO 2 in the wallaby house and multiplying this ratio with the estimated CO 2 production obtained from the literature, as shown in Eq. [1] .
where a = CO 2 produced by the animal, L/d; b = the concentration of CH 4 in air mix, ppm; c = the concentration of CO 2 in air mix, ppm; d = the concentration of CH 4 in outdoor air, ppm; and e = the concentration of CO 2 in outdoor air, ppm.
The CO 2 production was calculated from the wallaby heat production as reported in the literature (1 L of CO 2 produced per 21.75 kJ of heat produced by the animals; Madsen et al., 2010) , which is the same as their maintenance requirement.
RESULTS

Studies 1 and 2: Using Respiration Chamber
The average airflow through the chamber was 45 L/ min, and the concentrations of CH 4 and CO 2 in the air in the chamber were 30 and 1,950 ppm, respectively. The outside air varied only minimally around the average values of 1.8 and 380 ppm for CH 4 and CO 2 , respectively, and therefore, these values were used in Eq.
[1]. The production of CH 4 and CO 2 for each wallaby was determined with a high precision, and there was a larger variation between wallabies in both CH 4 and CO 2 production ( Table 3) .
Because of the large number of measurements on each wallaby (every 20 s in 24 h), the SE on the CH 4 and CO 2 production of the individual animal were 0.01 and 0.19 L/24 h, or less, respectively, but with a SD of about 60% on average for CH 4 and 38% for CO 2 when using measurement every 20 s as an observation. The average CH 4 and CO 2 production for study 1 and 2 was 1.74 and 100.4 L/24 h with SE = 0.14 and 4.0 and SD = 0.50 and 13.3, respectively. Expressed on a metabolic BW basis (BW, kg 0.75 ), the average CH 4 and CO 2 production was 0.22 and 12.6 L/24 h, respectively. For study 2, where the feed intake was known, the CH 4 production of 1.82 L per wallaby made up 72.1 kJ and constituted 3.0, 2.6, and 1.8% of the consumed ME, DE, and GE, respectively. When the wallabies arrived in the respiration chamber, their activity was high. However, the activity declined quickly and became low. The pattern was the same for all wallabies. The activity was not measured but only observed by the personnel. However, the activity is reflected in the average release of CO 2 with time for the 4 wallabies on a grass pasture (Figure 1) .
The CH 4 production varied considerably throughout the day. Irregular periods with no release of CH 4 in durations of up to 1 h indicate that CH 4 is not released through breathing (Figure 2) . The average CH 4 /CO 2 ratio varies considerably (Figure 3) , mainly because of variations in the CH 4 release.
Study 3: Using Method b: Measured CH 4 / CO 2 Ratio and Reported Heat Production
The average concentrations of CH 4 and CO 2 in the wallaby house were 32.2 ppm (SE = 2.5) and 1,894 ppm (SE = 25), respectively. The concentrations were very close to the those in the respiration chamber (30 and 1,950 ppm, respectively), showing that the ventilation in the chamber was of the same magnitude per animal as in the wallaby house. When correcting for the composition of atmospheric air (1.8 ppm of CH 4 and 380 ppm of CO 2 ), the ratio between the CH 4 and CO 2 in the gas originating from the animals becomes (32.2 -1.8)/(1,894 -380) = 0.020.
Using method b to determine the quantitative CH 4 production, the CO 2 production needs to be estimated, and this is possible with reasonable accuracy in most cases (J. Madsen, unpublished data). When using the energy in the consumed feed to calculate the CO 2 production, this gives the following values: intake of the wallabies was 100 g of concentrate and 125 g of grass hay per day per wallaby, equivalent to 1.66 MJ of NE, which is equal to 2.37 MJ of ME when using a utilization of ME for maintenance of 70% (Chwalibog, 1991) . Considering that all ME is used for heat production and that 1 L of CO 2 is produced per 21.75 kJ of heat produced when animals are not mobilizing or depositing larger amounts of fat (Pedersen et al., 2008; Madsen et al., 2010) , then the production of CO 2 is 2,370/21.75 = 109 L. The calculated CH 4 production of this group 
DISCUSSION
The experiment clearly demonstrates that wallabies produce CH 4 . The amount of CH 4 produced was between 1.6 and 2.5 L depending on the feeds and the method used. These amounts are equivalent to 1.6 and 2.5% of GE intake or 2.2 and 3.5% of DE, respectively, when the CH 4 contains 39.6 kJ/L. This shows that wallabies produced 25 to 33% of the CH 4 that ruminants produce when fed the same diet (Holter and Young, 1992; Machmüller and Kreuzer, 1999) . The low CH 4 production is in agreement with, but on the high end, of the 1 to 2% of DE found for wallabies in a study by von Engelhardt et al. (1978) .
Based on the uneven release with time of CH 4 in wallabies, it is most likely that the CH 4 is excreted through flatulence and not through breathing as in ruminants, where CH 4 release is increased about once every minute (Koch et al., 2009 ). This release of CH 4 through the anus is in agreement with findings by Kempton et al. (1976) , who found no release through breathing in kangaroos, only CH 4 release through the anus. Ruminants release about 95% of CH 4 through breathing . Also, genetic studies support that CH 4 production in macropods only happens in the hind gut because very few methanogenic archaea are found in the fore-stomach of macropods (Evans et al., 2008; Maguire and Ouwerkerk, 2008) .
Based on the results for the 3 studies, a reasonably accurate determination of the CH 4 production of animals can be obtained by simply measuring the CH 4 / CO 2 ratio over a limited time span. The experiment shows that the CH 4 /CO 2 ratio measured in the wallaby house and the CH 4 /CO 2 ratio measured in the respiration chambers are very close to each other. Only the measurements on the grazing wallabies that were put into the respiration chambers without the option of grazing had a reduced CH 4 /CO 2 ratio. This can be expected when less feed is fermented and hence less CH 4 produced without similar reduced respiration and CO 2 production. The value representing the real situation of the grazing wallabies is considered to be the value measured in the wallaby house during grazing. The values in the open-circuit respiration chamber when animals were fed concentrate and grass hay are considered to some extent to represent a natural setting as the animals ate most of the diet when in the respiration chamber, but they were most likely not as active as in their natural environment. The value measured in the respiration chambers for grazing animals that did not eat their normal diet is considered to be artificially reduced.
Quantification of CO 2 production is important when using the ratio to calculate the CH 4 production (method b). The average heat production (276 kJ/BW, kg 0.75 , range: 212 to 336) calculated from measured CO 2 production in this experiment was less than the 385 kJ/ BW, kg 0.75 , measured by Munn and Dawson (2003) . A peak in wallaby activity and CO 2 production was evident just after they entered the respiration chamber. A small peak in activity also occurred when people entered the wallaby house and when the wallaby heard human activity. The CO 2 production and activity level in the wild or in daily life in captivity are not known, but possibly greater than the 100 L of CO 2 per 24 h, which was the average for all wallabies in the respiration chamber. Using the feed intake of 100 g of concentrate and 125 g of grass hay to calculate the CO 2 production results in 109 L per 24 h per wallaby. This value is close to the 100 L measured as an average and less than the 141 L per 24 h, which would be the result when using the heat production of 385 kJ/BW, kg 0.75 , measured by Munn and Dawson (2003) . Using the high estimate for CO 2 production together with the CH 4 /CO 2 ratio mea- sured in the wallaby house (study 3) would give a CH 4 production of 2.8 L per wallaby per 24 h.
As a greater feed intake and heat production can be expected by animals not restricted in an open-circuit respiration chamber, the CH 4 production measured in the respiration chamber is on the low end compared with the CH 4 production of free-ranging wallabies. This means that the measurements made in the wallaby house over 20 min more accurately represents the CH 4 production of free-ranging wallabies than the values obtained by keeping several wallabies, individually, in respiration chambers for 24 h. The real CH 4 production of wallabies in the wild is therefore most likely closer to 3% of DE than the 1 to 2% measured by von Engelhardt et al. (1978) .
The variation in activity of the animals and especially the uneven release of CH 4 from the anus of wallabies and other animals requires measurements of the CH 4 / CO 2 ratio to be taken over a period of time. An alternative to this is to keep several wallabies simultaneously in the room where the measurements are taken, whereby the individual variation over time is leveled out, as it is done by method b in the present experiment.
For animals fed at maintenance with no mobilization or deposition in tissue or products, the best utilization of feed energy is obtained when carbon in the OM is metabolized to CO 2 . Therefore, the loss of CH 4 and the CH 4 /CO 2 ratio in itself represents a reasonable prediction of how well the digested energy has been used at maintenance. Even for growing animals, there is a close relation between the CH 4 /CO 2 ratio and the portion of GE that is lost as CH 4 (Figure 4) . When comparing the results from the current study with results from the large experiment by Thorbek (1980) using calves and young bulls in a respiration chamber, a decreased CH 4 production of wallabies compared with cattle is also demonstrated.
The relationship between the CH 4 /CO 2 ratio and the portion of the GE that is released and lost as CH 4 is prominent, indicating that the CH 4 /CO 2 ratio probably is a good indicator for the loss of GE in CH 4 for different animals fed a maintenance energy diet and for animals with a limited production level. Moreover, the CH 4 /CO 2 ratio can be corrected according to the level of mobilization, deposition, or production and thereby be more generally used to compare the CH 4 of different animals and animals on different production levels or in different production systems. This fast, simple, and inexpensive method thereby offers new possibilities for measuring the CH 4 production in many situations. In Denmark, more than 25% of the dairy cows are milked in robots, automatic milking systems, and in such a robot the composition of the breath can be measured at every visit by a cow (about 60 cows 3 times a day). The many measurements create the basis for selection of cattle for reduced CH 4 production (Lassen et al., 2010 (Lassen et al., , 2012 and for establishing the CH 4 production in livestock buildings (Bjerg et al., 2010 (Bjerg et al., , 2011 or for testing many different diets for cattle. Moreover, the CH 4 production of different species of animals can be established by measuring in the buildings housing the wild animals in the zoo. 
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